Summary. Plasma concentrations of endothelin, a vasoconstrictor peptide released from vascular endothelial cells, have been measured by radioimmunoassay in 100 patients with diabetes mellitus and 19 healthy subjects. The plasma immunoreactive-endothelin concentrations were found to be greatly raised in the patients with diabetes (I ,880 + 120 fmol/1, mean + SEM) compared with the healthy subjects (540 + 50 fmol/1, p < 0.005). The elevation of immunoreactive-endothelin could not be explained by secondary changes in blood pressure or renal disease and did not correlate with the presence of diabetic retinopathy, duration of diabetes mellitus, fasting blood glucose or serum fructosamine. Fast protein liquid chromatographic analysis of the diabetic plasma immunoreactive-endothelin showed three forms, one in a very big molecular weight position, one intermediate and one in the position of endothelin-1 itself. No material appeared in the positions of endothelin-2 and 3. Chromatographic analysis of normal plasma showed only the big molecular weight peak while material in the endothelin-1, 2 or 3 positions was below detection. The elevation of endothelin in diabetic patients may be a marker of, and further exacerbate, their vascular disease.
Angiopathy is a major complication in diabetes mellitus [1, 2] . Endothelial cell damage is suspected to occur in diabetic patients and may be one important cause of angiopathy [3] .
Endothelin-1 is a potent vasoconstrictor peptide, which is thought to be synthesized by endothelial cells. It was originally isolated, and its structure characterised, from the conditioned medium of porcine aortic endothelial cells [4] . It is now known that there are three endothelin genes in the human genome (endothelin-1, 2 and 3 genes) [5, 6] .
The presence of immunoreactive-endothelin in normal human plasma [7, 8] and increased plasma immunoreactive-endothelin level in patients with uraemia [9, 10] has been described. However, there are no reports of the possible changes from normal of plasma immunoreactive-endothelin levels in diabetes mellitus.
To help clarify the relationship between plasma endothelin and diabetic angiopathy, we measured plasma immunoreactive-endothelin concentrations in patients with diabetes mellitus and investigated the relationship between plasma immunoreactive-endothelin concentrations and blood pressure, spot urinary microalbumin, diabetic retinopathy, duration of diabetes mellitus, fasting blood glucose and serum fructosamine in these patients.
Subjects and methods

Subjects
We studied plasma immunoreactive-endothelin concentrations in 100 patients with diabetes mellitus (16 with Type I (insulin-dependent) diabetes and 84 with Type2 (non-insulin-dependent) diabetes) and 19 normal subjects (11 male and 8 female, 20-65 years old) by radioimmunoassay. Informed consent was obtained from each subject. All subjects had normal renal function (serum creatinine levels < 125 gmol/1). Blood samples were obtained from a subcutaneous vein in the forearm, collected into heparinized tubes containing aprotinin (400 KIU/ml blood) (Bayer, FRG), centrifuged at room temperature, and the plasma separated and stored at -20 ~ until extracted.
Fasting blood glucose was measured by a glucose oxidase method. Spot early morning urine samples were collected and urinary microalbumin was measured by the Technicon RA Systems microalbumin method (ID-2478-D88). Serum fructosamine was measured with the Technicon RA-1000 analyser [11] . Blood pressure was estimated in the supine position and the presence of diabetic retinopathy was assessed by ophthalmoscopic examination by diabetic ophthalmologists.
The Table 1 summarizes the clinical characteristics of 100 patients with diabetes and 19 normal subjects. In 84 patients with Type 2 diabetes, one patient had a past history of cerebral infarction, four patients had past histories of myocardial infarction and five pa- 
Extraction procedures and radioimmunoassay
Plasma samples were extracted by Sep-Pak C18 cartridges (Waters Associates, Milford Mass, USA) following Sep-Pak activation by 10 ml of 100% acetonitrile, 10 ml of 100% methanol and then 10 ml of 4% (volume/volume (v/v)) acetic acid. Three mls of each plasma sample was acidified with 2 ml of 4% acetic acid and loaded onto the cartridge, and the cartridge washed with 10 ml of 4% acetic acid. Immunoreactive-endothelin was eluted with 2 ml of 60% (v/v) acetonitrile/water containing 0.026 mol/1 ammonium acetate. The eluate was dried in a Savant vacuum centrifuge, the resulting pellet reconstituted with assay buffer [60 mmol/1 POe buffer, pH 7.4 containing 10 mmol/1 EDTA, 7 mmol/1 sodium azide and 0.3% (weight/volume) bovine serum albumin] and the aliquot assayed in singlet. The recovery of peptide following this extraction procedure 307 was determined by adding synthetic endothelin-1 to plasma [5 fmol endothelin/ml plasma and 25 fmol endothelin/ml plasma yielded 72 • 14% and 102 • 20% (mean • SD, n = 7) recovery, respectively]. Antiserum to endothelin-1 was raised by injecting synthetic endothelin-1 (Nova Biochem, Nottingham UK) conjugated with bovine serum albumin by the diazo technique [12] into rabbits. The antiserum was used at a final dilution of 1 : 28,000. Synthetic endothelin-1 (Peptide Institute, Osaka, Japan) was used as standard and for iodination with Na~25I by the chloramine T method [13] . The iodinated endothelin-1 was purified by high performance liquid chromatography as previously described [14] . After 3 days incubation at 4 ~ antibody-bound and free fractions were separated by charcoal adsorption of the free fraction.
The sensitivity of this assay was 0.5 fmol/tube or 250 fmol/1 individual plasma sample at 95% confidence. The assay showed 40% cross reaction with endothelin-2 and 60% with endothelin-3 (Peptide Institute), but no cross reaction with human atrial natriuretic peptide, neuropeptide Y, substance R vasoactive intestinal peptide, peptide histidine methionine, glucagon, angiotensin II or ACTH. Intra-and interassay coefficients of variation were 12% (n = 9) and 19% (n = 7), respectively.
Chromatography
Fractionation of the immunoreactive-endothelin from the plasma of diabetic patients and normal subjects was carried out by fast protein liquid chromatography using a high resolution reverse phase 5/5 (Pep Rpc HR 5/5) C-18 column (Pharmacia, Uppsala, Sweden). Pooled diabetic and pooled normal plasmas (n = 3) were extracted by Sep-Pak C18 cartridges, reconstituted in water containing 0.1% (v/v) trifluoroacetic acid and centrifuged for 15 min in a microfuge. The supernatants were loaded onto the column, which was first equilibrated with 15% (v/v) acetonitrile in water [each with 0.1% (v/v) trifluoroacetic acid]. After injection of the samples, the column was eluted with a gradient of acetonitrile from 15% to 35% (v/v) in water over i h at 1 ml per min per fraction. Samples of each fraction were dried in a Savant vacuum centrifuge, reconstituted in assay buffer and assayed.
Stability of endothelin in human blood.
To examine the stability of endothelin in human blood, endothelin-1 2 and 3 were incubated (2 pmol/ml blood) in mixed normal blood containing aprotinin (400 KIU/ml blood) at room temperature for 0 
Statistical analysis
The plasma immunoreactive-endothelin concentrations were expressed as mean + SEM. Analysis of variance was used to compare the plasma immunoreactive-endothelin concentrations among the groups. The relationship between plasma immunoreactive-endothelin concentrations and fasting blood glucose, mean blood pressure, urinary microalbumin, duration of diabetes mellitus and serum fructosamine in diabetic patients was analysed by linear regression. Two diabetic patients were receiving diuretics because of heart failure and 17 patients were on anti-hypertensive treatment, so these 19 patients were excluded from the analysis of this relationship.
Results
The mean plasma immunoreactive-endothelin concentrations in 100 patients with diabetes mellitus was Fast protein liquid chromatography revealed that immunoreactive-endothelin in diabetic plasma eluted in three positions; one major peak occurred just after the void volume, one peak after the position of endothelin-3 but before the position of endothelin-1 and one peak in the position of endothelin-1 (Fig.2b) . No immunoreactive-endothelin was demonstrated in the positions of endothelin-2 and 3. The fast protein liquid chromatography profiles obtained on normal plasma samples showed one peak which eluted at the void volume position and corresponded with the major peak seen in the diabetic plasma profiles (Fig. 2 a) . The recovery of immunoreactive-endothelin in plasma extract from the column was 101%.
Endothelin-1 in human blood at room temperature was unstable. The total content of immunoreactive-endothelin in the blood with exogenously added endothelin-1 did not change for up to 8 h following addition but decreased to about 50% of the basal value at 24 h. However, fast protein liquid chromatography showed that exogenous endothelin-1 generated two other forms of immu-noreactive-endothelin (Fig.2d) and this was apparent even at zero time (Fig. 2 c) .
Endothelin-2 in human blood at room temperature was very stable. The total content of immunoreactiveendothelin in the blood with exogenously added endothelin-2 did not change for up to 24 h following addition. Fast protein liquid chromatography showed that immunoreactive-endothelin in all four blood samples with exogenously added endothelin-2 at different incubation times eluted in an identical position to endothelin-2 (data not shown).
Endothelin-3 in human blood at room temperature was also stable. The total content of immunoreactiveendothelin in the blood with exogenously added endothelin-3 did not change for up to 8 h following addition but decreased to about 60% of the basal value at 24 h. Fast protein liquid chromatography showed that immunoreactive-endothelin in all four blood samples with exogenously added endothelin-3 at different incubation times eluted in an identical position to endothelin-3 (data not shown).
Discussion
We developed a sensitive radioimmunoassay for the estimation of human plasma endothelin-1, with a lower detection limit of 250 fmol/1. Plasma immunoreactive-endothelin concentrations in normal subjects were found to be similar to those previously reported by others [7, 8] . A recent study failed to detect immunoreactive-endothelin in the plasma of non-insulin dependent diabetes [10] . In contrast, we found greatly increased plasma immunoreactiveendothelin concentrations in patients with diabetes. Our assay is about six times more sensitive than that of Koyama et al. [10] (their sensitivity was 3.5 pg/ml = about 1,400 fmol/1). Therefore, we could detect plasma immunoreactive-endothelin concentrations both in normal subjects and diabetic patients, and compare them.
Chromatographic analysis of the circulating endothelin was difficult owing to the low concentrations involved but by use of fast protein liquid chromatography three clearly separate forms were demonstrated. The largest peak in diabetic plasma and the only peak in normal plasma was found in the void volume. This void volume peak was not seen after incubation of synthetic endothelin-1, 2 and 3 in blood suggesting that it was not an artefact produced from endothelin-1, 2 or 3. Its greater surface hydrophilicity may indicate a larger folded molecule, perhaps a precursor of endothelin that is more slowly cleared from the circulation [15] . Endothelin-2 and 3 were stable in blood but exogenously added endothelin-1 generated two immunoreactive peaks eluting several fractions earlier than synthetic endothelin-1 on fast protein liquid chromatography. Endothelin-1 has methionine at position 7, which is easily oxidised, therefore these immunoreactive peaks eluting earlier may represent endothelin-1 with methionine sulphoxide. In the diabetic plasma detectable material was found in the exact position of endothelin-1 but not 2 or 3. An additional peak was noted in the position of material generated when pure synthetic endo-309 thelin-1 was added to blood and this may have arisen by a similar process from endothelin-1 released endogenously. It is noteworthy that while total immunoreactive-endothelin is some threefold raised in the diabetic subjects, material behaving like endothelin-1 itself was below the detection limit in healthy control subjects. This suggests the elevation of true endothelin-1 in diabetic patients may be relatively very much greater than the total immunoreactivity figures would suggest.
Endothelin-1 has very potent vasoconstrictor actions [4] and can stimulate endothelial cell growth [16] . Endothelin-1 could be produced not only by large vessels but also small vessels such as retinal microvessels [17] . Endothelin receptors are present in cultured rat aortic smooth muscle cells [18] and cultured bovine retinal pericytes [17] . We suspect that increased immunoreactive-endothelin in diabetic plasma, presumably derived from endothelial cells, reflects endothelial cell damage and may in turn be related to the complications of diabetes. The elevated endothelin concentrations did not appear to be secondary to hypertension or renal disease, nor was any relationship found between endothelin levels and fasting blood glucose, serum fructosamine, duration of diabetic mellitus or diabetic retinopathy. The pathophysiological role(s) of endothelin in plasma of diabetes needs further investigation. It is known to be an important vascular stimulant [16] and may thus play a role in the genesis of diabetic complications.
In conclusion, development of a sensitive radioimmunoassay for endothelin in human plasma has revealed a highly significant endothelin elevation in diabetic subjects which may relate to diabetic endothelial cell damage and in turn be an important background factor in diabetic vascular complications.
